An ultra-broadband THz emitter covering a wide range of frequencies from 0.1-10 THz is highly desired for spectroscopy applications. So far, spintronic THz emitters have been proven as one class of efficient THz sources with a broadband spectrum while the performance in the lower THz frequency range (0.1-0.5 THz) limits its applications. In this work, we demonstrate a novel concept of a current-enhanced broad spectrum from spintronic THz emitters combined with semiconductor materials. We observe a 2-3 order enhancement of the THz signals in a lower THz frequency range (0.1-0.5 THz), in addition to a comparable performance at higher frequencies from this hybrid emitter.
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Recent technological developments and breakthroughs in terahertz (THz) research have pushed THz technology into a center stage. [1] [2] [3] [4] THz technology has been extensively studied for a wide variety of applications, such as THz communications, [5, 6] chemical characterization, [7] [8] [9] non-destructive testing, [10, 11] and security surveillance. [12, 13] For these applications, a broadband and efficient THz source is highly desired. In particular, broadening the bandwidth of THz sources while maintaining an excellent dynamic range is important for THz spectroscopies, which require abundant spectrum information.
For THz time domain spectroscopy (TDS), electro-optic (EO) crystals, [14] [15] [16] [17] air plasmas, [18, 19] and photoconductive antennas (PCAs), [20] [21] [22] [23] [24] are the conventional THz sources for THz pulse generation. However, no single emitter is able to cover a broadband spectrum ranging from 0.1 to 10 THz. At present, PCAs are the most efficient THz emitters for the 0.1-4 THz spectral band while the performance drops dramatically at higher frequencies (> 4
THz). [25] [26] [27] Compared with PCAs, some EO crystals and air plasmas have an excellent performance at higher frequencies, whereas the performance in the lower THz frequency range is relatively poor. Thus, combing two different THz emission mechanisms to achieve a broader spectrum has long been thought. However, this approach has been technically limited by the mismatched phase inducing a destructive interference as well as the challenges of heterogeneous integration of different technologies.
During the past several years, the development in the field of spintronics reveals a new possibility for the generation and manipulation of spin and charge currents. [28, 29] Spin-tocharge conversion has been discovered as a new mechanism for ultrafast photocurrent generation. The metallic spintronic THz emitter based on the inverse spin Hall effect (ISHE) is fast becoming a superior candidate among conventional THz sources. [30] [31] [32] [33] [34] [35] THz emitters with heavy metal (HM)/ferromagnet (FM) bilayer structures have been demonstrated as broadband THz sources and a gapless spectrum covering up to 10 THz has been reported. [32, 36, 37] On the other hand, the limited performance of HM/FM based THz emitters in the lower 3 THz frequency range (0.1-0.5 THz) restricts its capacity for a broader range of applications.
However, the nanoscale (in terms of thickness) nature of spintronic THz emitter makes it possible to merge with other conventional emitters, while maintaining the similar phase emission leading to a constructive interference of two THz emitters. A negligible dispersion happens when the optical wave propagates through a spintronics device with a thickness in nanometres, and thus no significant phase mismatch occurs between the THz emission from spintronic devices and the other mechanism. Therefore, an ultra-broadband spectra of this hybrid THz emitter can be achieved on a single chip, which has not been explored so far.
In this work, we demonstrate a new type of ultra-broadband spintronic THz emitters assisted by a current modulation on a semiconductor. We observe a significant enhancement of the THz signals in the lower THz frequency range (0.1-0.5 THz), of which the power is 2-3 orders of magnitude larger than that of typical ISHE-based THz emitters. In particular, this enhancement is achieved without compromising the performance at higher frequencies. We further discuss the respective contributions from the magnetic heterostructures and semiconductor materials to THz signals, by alternating the direction of the magnetization with respect to that of bias currents. Our results establish a new method for an extended broadband spintronic THz emitter and thus promote its utilization for a broad range of THz spectroscopies.
A schematic of the expected THz emission from the device is shown in Figure 1a .
Under a static external bias, a negligible current flows in the semiconductor without a laser pulse excitation due to the high resistivity of the semiconductor. When a laser pulse with a photon energy larger than the bandgap of the material is incident on the semiconductor channel, electron-hole pairs are created and the resistivity of the semiconductor drops substantially. A transient THz signal is thus emitted due to the ultrafast photoconduction on the semiconductor channel. [20, 38] Meanwhile, the laser pulse simultaneously induces the ultrafast spin current in the FM layer, which then diffuses into the HM layer. Due to the ISHE, 4 the injected spin current is converted into a transverse charge current in the HM layer and induces a THz electromagnetic (EM) radiation from the HM layer. [30, [32] [33] [34] It is also worth noting that the thickness of metallic layers is only several nanometers, which is much smaller than the THz wavelength. Therefore, these two near-simultaneously emitted THz signals from the semiconductor and the HM/FM bilayer are in phase and could be constructively combined.
As a proof of concept demonstration, we use a high-resistivity silicon (HR-Si) substrate/Pt or W (6 nm)/Co (3 nm) device, which has a coercivity of ~100 Oe (see Supporting Information Section S1). We have carried out the current dependent THz emission measurements and the results are shown in Figure 2 . The magnitude of the peak-to-peak THz signal increases, when the positive current density increases. A control experiment is performed, in which there is no laser pulse incident on the devices, and no THz signal is observed for different current densities as shown in the inset of Figure 2a . We also perform the measurements with the HM/FM bilayer grown on a glass substrate, where a semiconductor material HR-Si is absent, and no sizable current dependence on THz emission is observed (Supporting Information Section S3). Therefore, we conclude that THz emission from the HM/FM bilayer is independent of the applied bias current.
A pure ISHE originated THz signal (bias current I = 0 mA) is extracted, as shown in Figure 2b . By subtracting the ISHE originated THz signals in Figure 2b from the current dependent results in Figure 2a , the current dependent signals arising from the semiconductor are extracted in Figure 2c . The THz signal amplitude is proportional to the current density and the THz signal is reversed when the bias current direction is inverted, which is consistent with the photoconduction switching mechanism in semiconductor materials. [39] A current dependent study on a HR-Si/W (6 nm)/Co (3 nm) device is also shown in Figure 2d . The peak-to-peak THz signal increases when a negative current is applied, which is opposite to the results from the Pt based devices in Figure 2a . These two distinct current-dependent results from Pt and W based devices could be attributed to the opposite polarities of the spin Hall angle (SHA) in Pt and W. [40] [41] [42] [43] The sign of the THz signals originated from the ISHE is reversed when the SHA of the NM layers has an opposite sign. [34] We further analyze the data in frequency domain and observe a strong enhancement in a lower frequency range due to the current enhanced mechanism from the HR-Si. The fast 
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semi Ej is the current dependent THz signal from HR-Si, and spin E is the THz signal originating from the spintronic magnetic heterostructures, which is current independent THz signal from the magnetic bilayer.
In our experiment, only   Figure S1 shows the magnetic field dependence of the magnetization and THz emission from a high resistivity silicon substrate/W (6 nm)/Co (3 nm). We measure both inplane and out-of-plane hysteresis loops using vibrating sample magnetometer (VSM), as shown in Figure S1a . A coercivity (Hc) of in-plane hysteresis loop is ~ 100 Oe. Thus, an external magnetic field of ~ 1000 Oe is enough to saturate the magnetization to the in-plane direction. Figure S1b shows an in-plane magnetic field dependent THz signal, which shows a similar trend to the magnetization loop data. When the external magnetic field exceeds Hc, the intensity of the THz signal remains almost constant. 
S1. Magnetization characterization and magnetic field dependent THz data

